The function of the Munc18-1 protein hydrophobic pocket, which interacts with the syntaxin-1 N-terminal peptide, has been highly controversial in neurosecretion. Recent analysis of patients with familial hemophagocytic lymphohistiocytosis type 5 has identified the E132A mutation in the hydrophobic pocket of Munc18-2, prompting us to examine the role of this region in the context of immune cell secretion. Double knockdown of Munc18-1 and Munc18-2 in RBL-2H3 mast cells eliminates both IgE-dependent and ionomycin-induced degranulation and causes a significant reduction in syntaxin-11 without altering expressions of the other syntaxin isoforms examined. These phenotypes were effectively rescued on reexpression of wild-type Munc18-1 or Munc18-2 but not the mutants (F115E, E132A, and F115E/E132A) in the hydrophobic pocket of Munc18. In addition, these mutants show that they are unable to directly interact with syntaxin-11, as tested through protein interaction experiments. Our results demonstrate the crucial roles of the hydrophobic pocket of Munc18 in mast cell degranulation, which include the regulation of syntaxin-11. We also suggest that the functional importance of this region is significantly different between neuronal and immune cell exocytosis.
The function of the Munc18-1 protein hydrophobic pocket, which interacts with the syntaxin-1 N-terminal peptide, has been highly controversial in neurosecretion. Recent analysis of patients with familial hemophagocytic lymphohistiocytosis type 5 has identified the E132A mutation in the hydrophobic pocket of Munc18-2, prompting us to examine the role of this region in the context of immune cell secretion. Double knockdown of Munc18-1 and Munc18-2 in RBL-2H3 mast cells eliminates both IgE-dependent and ionomycin-induced degranulation and causes a significant reduction in syntaxin-11 without altering expressions of the other syntaxin isoforms examined. These phenotypes were effectively rescued on reexpression of wild-type Munc18-1 or Munc18-2 but not the mutants (F115E, E132A, and F115E/E132A) in the hydrophobic pocket of Munc18. In addition, these mutants show that they are unable to directly interact with syntaxin-11, as tested through protein interaction experiments. Our results demonstrate the crucial roles of the hydrophobic pocket of Munc18 in mast cell degranulation, which include the regulation of syntaxin-11. We also suggest that the functional importance of this region is significantly different between neuronal and immune cell exocytosis.
membrane fusion | FHL5 T he SNARE protein complex, which consists of isoforms of syntaxin, SNAP-25, and VAMP/synaptobrevin, orchestrates the central role in membrane fusion (1) . However, the process is further modulated by indispensible proteins, such as Munc18 (2, 3) and Munc13 (4), through interactions with one or more SNARE proteins, particularly cognate syntaxins. The precise functions of these proteins and their structural determinants have been intensively studied in neuronal exocytosis (5, 6) . Recent studies have revealed the critical roles of the SNARE proteins and their regulators in exocytosis from immune cells and platelets. In particular, genetic analysis of patients with familial hemophagocytic lymphohistiocytosis (FHL) types 3, 4, and 5 identified mutations in Munc13-4 (7-9), syntaxin-11 (10) , and Munc18-2 (11, 12) , respectively. In these diseases, there is markedly reduced degranulation of lytic granules in cytotoxic T lymphocytes (CTLs), natural killer (NK) cells, and platelets. In addition, patients with FHL5 have been shown to suffer from gastrointestinal symptoms and bleeding disorders, possibly from disrupted degranulation from mast cells and neutrophils, as well as platelets (13) . Nonetheless, the underlying mechanisms, and particularly the structural determinants of the functions of these proteins, have not been investigated in a detailed manner.
The Munc18 family of proteins has been revealed to play multiple functions, which include both chaperoning cognate syntaxins (14) (15) (16) (17) (18) (19) and priming/stimulating membrane fusion through interaction with the SNARE complex (20-23) (reviewed in ref. 24) . The chaperoning function of Munc18 contributes to stabilizing the expression level of cognate syntaxins and, in some cases, trafficking them to the appropriate intracellular compartments. For instance, in Munc18-1-deficient neurons, the syntaxin-1 level is reduced by 50-75% (3), whereas in Munc18-1 single-knockdown (KD) and Munc18-1/2 double-knockdown (DKD) pheochromocytoma (PC) 12 cells, not only the reduction of syntaxin-1 expression level but also its localization at the plasma membrane are severely perturbed (14, 15) . In some patients with FHL5 whose functional Munc18-2 protein is absent, a strong reduction in syntaxin-11 level was found in their immune cells (11, 12) . The priming function of Munc18 is believed to be mediated in part through the interaction between the Munc18 hydrophobic pocket region and the syntaxin Npeptide. X-ray crystallography determined the structure of the hydrophobic pocket region of Munc18-1 and Munc18-3 bound with the N-peptide of their cognate syntaxins: syntaxin-1 and syntaxin-4, respectively (25, 26) .
In Munc18-1, Phe115, together with Val119, Ala124, Ile127, and Leu130, forms a hydrophobic pocket that interacts with Leu8 of syntaxin-1, whereas Glu132 of Munc18-1 forms an electrostatic interaction with Arg4 of syntaxin-1 (25) . The functional significance of this interaction was first proposed by Shen et al. (20) . The authors have shown that through this binding mode, Munc18-1 interacts with the SNARE complex, which results in the stimulation of SNARE-dependent liposome fusion. As a consequence, several studies, including a recent rescue experiment using syntaxin KD neurons, have demonstrated the importance of the syntaxin-1 N-peptide in synaptic vesicle exocytosis (27) (28) (29) (30) . In contrast, the Munc18-1 hydrophobic pocket has been suggested to play limited or dispensable roles in exocytosis. For example, in the rescue experiments of Munc18-1 single-KD and Munc18-1/2 DKD PC12 cells as well as Munc18-1 knockout neurons, various mutants (F115E, E132A, F115E/ E132A, and L130K) in the hydrophobic pocket region of Munc18-1 have exhibited either very mild or no impairment in their ability to rescue exocytosis in comparison with the wild type (15, 31, 32) , leaving the function of the hydrophobic pocket region of Munc18 unclear.
Analysis of Munc18-2 in patients with FHL5 has identified an E132A mutation within the hydrophobic pocket region of Munc18-2 (33) . We hypothesize that the hydrophobic pocket of Munc18-2 is indeed crucial for immune cell secretion and tested this hypothesis through analyses of the stable KD and rescue of Munc18 in mast cell model RBL-2H3 cells.
Results
Munc18 Essential for Mast Cell Degranulation. We first examined the protein expressions of Munc18 and syntaxin isoforms in RBL-2H3 cells by comparing them with neurosecretory PC12 cells as a reference (Fig. 1A) . Because both PC12 cells and RBL-2H3 cells are derived from rat, a direct comparison is possible between the cell lines. We found that the expression of Munc18-1 in RBL-2H3 cells was substantially less than that in PC12 cells. In contrast, the expression of Munc18-2 was more abundant in RBL-2H3 cells than in PC12 cells. The neuronal syntaxin-1A/1B isoform was strongly expressed in PC12 cells but was completely absent in RBL-2H3 cells. Conversely, syntaxin-11 was expressed in RBL-2H3 cells but not in PC12 cells. The expressions of This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: ssugita@uhnres.utoronto.ca.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1214887110/-/DCSupplemental. plasmalemmal syntaxins 2, 3, and 4, as well as endosomal syntaxins 7 and 8, were similar between these two cell lines. Selective expression of syntaxin-11 in RBL-2H3 cells is consistent with previous findings that this protein is enriched in tissues of the immune system, including the thymus, spleen, and lymph nodes, although it is largely absent in the brain (34, 35) .
To elucidate the function of Munc18 in the degranulation of RBL-2H3 cells, we generated stable Munc18-1 and Munc18-2 single-KD as well as Munc18-1/2 DKD cells using lentivirusmediated shRNA (Materials and Methods). We then examined whether the expression levels of the aforementioned syntaxin isoforms are altered by the KD of Munc18 through immunoblot analysis ( Fig. 1B ; quantification in Fig. S1 ). In Munc18-2-null patients with FHL5, the level of syntaxin-11 in NK cells, CTLs, and platelets was found to be dramatically decreased (11, 12, 36) .
We found that there were ∼20% reductions in syntaxin-11 level in Munc18-2 KD and more dramatic decreases in Munc18-1/2 DKD cells, at around 60%. However, we did not find changes in plasma membrane-localized syntaxin isoforms such as syntaxins 2, 3, and 4. Because syntaxin-11 has been shown to be localized on endosomal membranes, including late endosomes and lysosomes in macrophages, and to regulate trafficking steps between late endosomes, lysosomes, and the cell surface (37), we also tested other endosomal syntaxins such as syntaxin-7 and syntaxin-8 to see whether the reduction in expression is limited to syntaxin-11. We found a mild (∼15%) but statistically insignificant reduction of syntaxin-7 level in Munc18-1/2 DKD cells, but not in Munc18-2 single-KD cells, whereas syntaxin-8 levels were unchanged in all KD cells. Thus, Munc18-1/2 plays a critical role in maintaining the level of syntaxin-11 in mast cells.
We previously found that Munc18-1/2 DKD causes not only a strong reduction in syntaxin-1 level but also perturbation of its plasmalemmal localization in PC12 cells (15, 16) . We therefore examined whether the subcellular localization of syntaxin-11 can be significantly altered by Munc18-1/2 DKD in RBL-2H3 cells ( Fig. 2 ; low-magnification data available in Fig. S2 ). Confocal immunofluorescence microscopy using rabbit polyclonal antisyntaxin-11 antibody showed punctuate stainings, which indicated the enrichment of syntaxin-11 on lysosomal granules. This staining was specific to syntaxin-11 because the signal was strongly reduced on preabsorption of the antibody with the antigen, GST-syntaxin-11 but not with GST alone. Importantly, the syntaxin-11 immunostaining was not changed in Munc18-1/2 DKD cells ( Fig. 2 and Fig. S2 ). Thus, we conclude that although the syntaxin-11 expression level is dramatically reduced, its localization is not affected by Munc18-1/2 DKD in mast cells.
To measure the secretion capability of the control and the KD cells, we examined the degranulation by measuring release of β-hexosaminidase ( Fig. 1 C and D) (38) . This protein is an endogenous enzyme stored in and released from secretory granules/ lysosomes in mast cells as well as RBL-2H3 cells. We confirmed that the control RBL-2H3 cells exhibit robust IgE-dependent as well as ionomycin-induced β-hexosaminidase release. Ionomycin is a Ca 2+ ionophore that directly induces an increase in intracellular Ca 2+ concentration, triggering degranulation. We found severe reductions in β-hexosaminidase release in Munc18-2 single-KD cells and an almost complete abolishment in Munc18-1/2 DKD cells. We also observed a significant, yet smaller, reduction in Munc18-1 single-KD cells. These reductions in β-hexosaminidase (B) Stable Munc18-1 KD, Munc18-2 KD, and Munc18-1/2 DKD RBL-2H3 cells were generated by lentivirus-mediated shRNA. Twenty micrograms of cell homogenates were analyzed by SDS/PAGE and immunoblotting, using the antibodies indicated. (C and D) β-hexosaminidase release was stimulated by applying 0.01 μg/mL DNP-IgE and 50 ng/mL dinitrophenyl-human serum albumin (DNP-HSA) (C) and 0.5 μM and 2.5 μM ionomycin (D) for 1 h from control, Munc18-1 KD, Munc18-2 KD, and Munc18-1/2 DKD cells. Error bars, SEM (n = 5). The statistical significance of the differences in β-hexosaminidase release between control and Munc18-1 KD (C), Munc18-2 KD, and Munc18-1/2 DKD (D) is indicated. *P < 0.05 (Student t test). *Nonspecific band observed with rabbit polyclonal anti-Munc18-2 and anti-syntaxin-8 antibodies. Fig. 2 . Confocal immunofluorescence microscopy revealing that the subcellular localization of syntaxin-11 is unaltered on Munc18-1/2 DKD. Control and stable Munc18-1/2 DKD RBL-2H3 cells were permeabilized and stained with either GST or GST-syntaxin-11-absorbed rabbit polyclonal anti-syntaxin-11 antibody followed by Alexa488-conjugated goat anti-rabbit antibody (Invitrogen) and DAPI (see SI Materials and Methods for more detail). Green indicates syntaxin-11 and blue indicates DAPI. (A) Control and (B) Munc18-1/2 DKD cells. Note that there is substantially diminished green intensity (Right) where GST-syntaxin-11 absorbed the anti-syntaxin-11 antibody was used to stain. (Scale bar, 10 μm.) release were observed in both IgE-dependent and ionomycin-induced secretion, suggesting that the impairment lies in secretory machinery itself. The strong reduction in β-hexosaminidase release in Munc18-2 KD cells is consistent with a previous report that antisense-mediated downregulation of Munc18-2 caused ∼50% reduction in β-hexosaminidase release (38) .
Munc18-1 and Munc18-2 Can Effectively Support Mast Cell Degranulation.
The greater impairment of degranulation by Munc18-2 KD than Munc18-1 KD could be a result of either the difference in their expression levels (i.e., more abundant expression of Munc18-2 than Munc18-1) in RBL-2H3 cells or the functional specificity between these two isoforms. To examine whether any functional specificity exists between Munc18-1 and Munc18-2, we performed the rescue experiments using both isoforms.
Previous study has shown that Munc18-1 is more effective in rescuing neurosecretion from Munc18-1-deficient chromaffin cells than Munc18-2 (39). We first examined whether stable expression of Munc18-1 rescues neurosecretion of Munc18-1/2 DKD PC12 cells better than that of Munc18-2 (Fig. 3) . In these experiments, Munc18-1 and Munc18-2 were expressed in three different configurations: without any tag, with myc, or with an Emerald GFP (EmGFP; Invitrogen) tag (Fig. 3A) . In all cases, Munc18-1 rescued defective secretion of Munc18-1/2 DKD cells significantly better than Munc18-2 (Fig. 3B) . Interestingly, the recovery of the syntaxin-1 level was also higher in Munc18-1 rescue than that of Munc18-2 (Fig. 3A) . Thus, our results confirm that functional specificity exists between the two isoforms in neuronal secretion and that this difference seems to be related with their ability to restore syntaxin-1 expression. This experiment also ensures that the addition of EmGFP tag to Munc18 does not affect the folding or function of the protein.
We then performed the rescue of Munc18-1/2 DKD RBL-2H3 cells by stably expressing Munc18-1 or Munc18-2 fused with EmGFP (Fig. 3C) (Fig. 3C) . In addition, we found that defective β-hexosaminidase release was comparably rescued by reexpressions of either Munc18-1 or Munc18-2 (Fig. 3D) . The rescued cells exhibited a level of degranulation similar to that of control cells, indicating that reexpressed Munc18-1 or Munc18-2 could fully recover the degranulation. These results suggest that there is no clear functional specificity between these two isoforms in regulating mast cell degranulation, as well as stabilizing the expression of syntaxin-11.
Mutations in the Hydrophobic Pocket of Munc18 Attenuate the Interaction with Syntaxin-11 and Cause Severe Impairment in Their Rescuing Activity. To elucidate the role for the hydrophobic pocket of Munc18-2 in mast cell degranulation, we introduced point mutations (F115E, E132A, and F115E/E132A) in this region that include the mutation discovered in the patient with FHL5 (E132A) (Fig. 4A) . We expressed these mutants in DKD RBL-2H3 cells and examined their ability to restore degranulation as well as syntaxin-11 expression levels in comparison with the wild type (Fig. 4B) . The expression level of all mutants was similar to that of the wild type, implying that these mutations do not cause major problems in protein folding or expression. Unlike the wild-type Munc18-2, however, these mutants did not restore the level of syntaxin-11.
Strikingly, these mutants also showed severe impairments in the rescue of defective IgE-dependent and ionomycin-induced β-hexosaminidase release of DKD RBL-2H3 cells (Fig. 4C ). In addition, we did not see any additive deteriorating effects of the double mutant (F115E/E132A) over single mutants. Our results indicate that the hydrophobic pocket of Munc18-2 plays a crucial role in mast cell degranulation, at least in part via its regulation of syntaxin-11. Fig. 3 . Stable reexpression of wild-type Munc18-1 or Munc18-2 restores the syntaxin-11 expressions and the degranulation defects of Munc18-1/2 DKD RBL-2H3 cells while functional specificities exist in PC12 cells. (A) Twenty micrograms of homogenates of Munc18-1/2 DKD PC12 cells rescued with EmGFP, wild-type Munc18-1, and Munc18-2 (without tag, with myc, and with EmGFP) were analyzed by SDS/ PAGE and immunoblotting, using the antibodies indicated. (B) NA release was stimulated by 70 mM KCl for 15 min in the rescued cells. Error bars, SEM (n = 9). The statistical significance of the differences in NA release between wild-type Munc18-1 and Munc18-2 rescued PC12 cells in each tag configuration are indicated. *P < 0.05 (paired t test). (C) Munc18-1/2 DKD RBL-2H3 cells were infected with lentiviruses that express EmGFP, wild-type Munc18-1-EmGFP, and wild-type Munc18-2-EmGFP. Twenty micrograms of cell homogenates were analyzed by SDS/PAGE and immunoblotting, using the antibodies indicated. (D) β-Hexosaminidase release was stimulated by applying 0.01 μg/mL DNP-IgE and 50 ng/mL DNP-HSA, as well as 0.5 μM and 2.5 μM ionomycin for 1 h from wild-type RBL-2H3 cells and rescued cells. Error bars, SEM (n = 9). *Nonspecific band observed with rabbit polyclonal anti-Munc18-2 antibody that comigrated with Munc18-2-EmGFP.
The lack of rescue by the hydrophobic pocket mutants in Munc18-2 is surprising, as we previously found that the expressions of Munc18-1 with the identical mutations showed 70-80% of the rescue ability compared with the wild type, using Munc18-1 KD and Munc18-1/2 DKD PC12 cells (15, 31) . Furthermore, the same (F115E) and a similar (L130K) mutant have shown a complete rescue ability in autaptic neurotransmission of Munc18-1-deficient neurons (32) . By taking advantage of the fact that Munc18-1 can also rescue degranulation of the DKD RBL-2H3 cells (Fig. 3D) , we examined whether the same hydrophobic pocket mutants of Munc18-1 can restore mast cell degranulation and syntaxin-11 level (Fig. 4 D and E) . We found that these mutants also show strong impairment in restoring degranulation and syntaxin-11 level. Therefore, the hydrophobic pocket mutations cause similar functional impairment for both Munc18 isoforms. Our results also suggest that the effects of hydrophobic pocket mutations in Munc18-1 are dramatically different between neuronal and immune cell exocytosis.
To test whether the impairment of syntaxin-11 restoration by hydrophobic pocket mutants is a result of reduced interactions between two proteins, we performed protein interaction experiments using GST-fused syntaxin-11 and potassium glutamate buffer solubilized lysates of human embryonic kidney (HEK)-293FT cells that were transfected with wild-type Munc18-2 and mutants fused with EmGFP. We then analyzed the pull-down mixtures by immunoblotting with mouse monoclonal antiEmGFP antibody and Coomassie Blue staining (Fig. 5 A, Upper,  and B) . We found that wild-type Munc18-2 directly binds to syntaxin-11, as a strong Munc18-2-EmGFP band was seen in both immunoblotting and Coomassie Blue staining. However, syntaxin-11 failed to pull down all hydrophobic pocket mutants of Munc18-2. This was not a result of unequal loadings or aberrant expressions of mutants, as there were similar loadings between lanes (Fig. 5A, Lower) and comparable expressions of the mutants to that of wild type were seen in lysate lanes (Fig. 5A, Upper) . These data are in agreement with the previous finding that the E132A mutant of EGFP-Munc18-2 fails to coimmunoprecipitate FLAG-syntaxin-11 in HEK-293 cells (33) . Collectively, our data suggest that Munc18 works as a stabilizing regulator for syntaxin-11 and that the hydrophobic pocket of Munc18 is the essential region that governs the function in mast cell degranulation.
We found a positive correlation between the syntaxin-11 level and the degranulation level in our Munc18 KD RBL-2H3 cells, as well as their rescued cells. However, we also observed strong reductions of degranulation in Munc18-2 single-KD cells, even though their syntaxin-11 level is reduced by a mere 20% (Fig. 1  B-D and Fig. S1 ). This implies that the secretion defect of Munc18-2 single-KD is unlikely to be a result of the reduction of syntaxin-11 alone. Therefore, we finally investigated whether syntaxin-11 down-regulation can account for a dramatic degranulation defect in Munc18-1/2 DKD cells.
To determine this, we examined the secretion capability of stable syntaxin-11 KD RBL-2H3 cells that exhibited an ∼80% reduction in syntaxin-11 level (Fig. S3 ). This reduction is more than the reduction (∼60%) in syntaxin-11 level caused by Munc18-1/2 DKD (Fig. S1 ). However, we did not see a significant reduction in β-hexosaminidase release in syntaxin-11 KD cells compared with control (Fig. S3) . At first, this was unexpected because mutations in syntaxin-11 cause severe reductions in secretion from CTLs, NK cells, neutrophils, and platelets in patients with FHL4, as well as recently established syntaxin-11 knockout mice (10, (40) (41) (42) . However, our result is consistent with that seen in syntaxin-11 knockout mice, in which mast cell degranulation was not significantly impaired (42) . Thus, it is likely that other syntaxin isoforms can compensate for the reduced level of syntaxin-11 in mast cell degranulation. Taken together, the striking impairment of degranulation by Munc18 KD in mast cells is not entirely caused by the reductions in syntaxin-11 level. Sequence alignment among Munc18-1, Munc18-2, and Munc18-3, indicating that F115 and E132 are conserved residues in Munc18 isoforms. (B and D) Munc18-1/2 DKD RBL-2H3 cells were infected with lentiviruses that express EmGFP, wild-type Munc18-EmGFP, and hydrophobic pocket mutant Munc18-EmGFP (F115E, E132A, and F115E/E132A) (B) Munc18-2 and (D) Munc18-1. Infected cells were selected with blasticidin (20 μg/mL). Twenty micrograms of homogenates of surviving cells were analyzed by SDS/PAGE and immunoblotting, using the antibodies indicated. *Nonspecific band observed with rabbit polyclonal anti-Munc18-2 antibody that comigrated with Munc18-2-EmGFP. (C and E) β-hexosaminidase release was stimulated by applying 0.01 μg/mL DNP-IgE and 50 ng/mL DNP-HSA, as well as 0.5 μM and 2.5 μM ionomycin for 1 h from rescued cells (C) Munc18-2 and (E) Munc18-1. Error bars, SEM (n = 5 for C, n = 6 for E).
Discussion
The structure versus function relationship of the SNARE proteins and their regulators has been intensively studied in neuronal secretion using genetically engineered neurons, adrenal chromaffin cells, and PC12 cells. However, there have been significantly fewer studies conducted based on immune cell exocytosis (36, 40, 43, 44) .
In this study, we have established the method to perform stable KD and rescue of the protein of interest, using RBL-2H3 mast cells. This system allowed us to study the structure versus function relationship of Munc18 in IgE-dependent as well as ionomycin-induced degranulation in mast cells. Importantly, the stable KD of Munc18-1/2 in RBL-2H3 cells not only abolished degranulation but also caused a significant reduction in syntaxin-11 level without affecting its localization. Thus, our KD RBL-2H3 cells have recapitulated the phenotype of CTLs, NK cells, and platelets from some of the patients with FHL5 in whom loss of Munc18-2 expression induces striking reductions in the level of syntaxin-11 (11, 12, 36) . Furthermore, we demonstrated that reexpression of Munc18-1 or Munc18-2 effectively restores degranulation and the expression level of syntaxin-11.
These results strongly indicate that Munc18 is crucial for mast cell degranulation in part through its chaperoning function for syntaxin-11. We suggest that RBL-2H3 cells would be ideal model systems to study the structure versus function relationship of the protein of interest and that the derived findings from this approach would be applicable in many aspects to immune cell exocytosis in general.
Since the finding of the interaction between the Munc18 hydrophobic pocket and the N-peptide of syntaxin (25, 26) , which has been shown to support the binding of Munc18-1 to the SNARE complex and facilitates the SNARE-mediated liposome fusion (20) , many efforts have been made to identify the crucial role of this interaction in physiological membrane fusion. Several studies suggest the important role of syntaxin-1 N-peptide (27, 28, 30) . In particular, Zhou et al. demonstrated that the deletion of the N-peptide of syntaxin-1A abolishes its ability to rescue exocytosis of syntaxin-1 KD neurons (30) .
In contrast, the crucial roles for the hydrophobic pocket of Munc18 have not been revealed in neurotransmitter release, as the mutants in this region have been illustrated to be as equally effective in rescuing the exocytosis as the wild type (32) . Although it is difficult to explain the difference between the last two studies, we suggest the following possibilities: Either the striking effect of N-peptide deletion on syntaxin-1 function could be because the N-peptide may exert functions other than interacting with the hydrophobic pocket of Munc18-1, or the lack of the phenotype in the hydrophobic pocket region of Munc18-1 could be because the point mutations tested (F115E and L130K) may not be strong enough to disrupt its binding with the Npeptide of syntaxin-1. Despite the latter possibility, in this study we found that the same mutation (F115E) as the one tested in synaptic vesicle exocytosis strongly impairs the rescuing ability of Munc18-1 and Munc18-2 in mast cell degranulation (Fig. 4) . Therefore, the functional significance of the hydrophobic pocket of Munc18 seems to be strikingly different between neuronal and immune cell exocytosis.
The reason the hydrophobic mutations in Munc18 cause substantially different outcomes in exocytosis between neuronal cells and mast cells awaits further study. We found that all hydrophobic pocket mutants of Munc18-1 or Munc18-2 do not restore the syntaxin-11 level in the DKD RBL-2H3 cells. In contrast, our previous study showed that the level of syntaxin-1 is significantly restored by the same Munc18-1 mutants in the DKD PC12 cells, although at a slightly lower level than that achieved by wild-type Munc18-1 (15) . Thus, the functional significance of the Munc18 hydrophobic pocket in different cell types seems to be explained at least in part by the differential degree of involvement of this region in regulation of the cognate syntaxins.
We propose the following hypothesis to explain the difference: The relative importance of the binding between Munc18 hydrophobic pocket and syntaxin N-peptide (binding mode 1) is inversely related to the degree of tightness of the binding between the cleft formed by domain 1 and domain 3a of Munc18-1 and "closed" syntaxin-1A (binding mode 2). Binding mode 2 is the major binding mode for the binary interaction between Munc18-1 and syntaxin-1A (15, 25, 45) , whereas binding mode 1 alone cannot support the binary interaction but can further secure the binary interaction (20, 25) . For example, Munc18-1 and syntaxin-1A bind each other at low nanomolar concentrations even when the hydrophobic pocket of Munc18-1 is mutated or the N-peptide of syntaxin-1A is removed (25, 31) .
This offers an explanation for why the role of the hydrophobic pocket of Munc18 would be of limited significance in neurosecretion. In contrast, our data found that mutations in the hydrophobic pocket region of Munc18-2 failed to interact with syntaxin-11 (Fig. 5) . Therefore, we speculate that binding mode 2 between Munc18 and syntaxin-11 is much weaker than that between cells that were transfected with EmGFP, wild-type Munc18-2-EmGFP, F115E, E132A, and F115E/E132A of Munc18-2-EmGFP were incubated with 10 μg GST or GST-syntaxin-11 attached to glutathione agarose beads. The mixtures were washed extensively, and the proteins were analyzed on SDS/PAGE and immunoblotting, using mouse monoclonal anti-EmGFP antibody. Solubilized lysates of HEK-293FT cells were loaded in lysate lanes. (A, Lower) Ponceau S staining of the above membrane showing similar loadings between lanes. *Wild-type Munc18-2-EmGFP band that was pulled down by GST-syntaxin-11. (B) The binding mixture between solubilized lysates of HEK-293FT cells that were transfected with wild-type Munc18-2-EmGFP, F115E, E132A, F115E/E132A, and 10 μg of GST-syntaxin-11 was analyzed on SDS/PAGE, followed by Coomassie Blue staining. Note that only wild-type Munc18-2-EmGFP was pulled down by GST-syntaxin-11, not any of the mutants.
Munc18 and syntaxin-1A. Indeed, a recent study has demonstrated that the crucial role of syntaxin N-peptide in monomeric interaction with Munc18 is isoform-dependent; deletion of N-peptide in syntaxin-1 has little effect on its binding to Munc18-1, whereas a similar deletion in syntaxin-4 dramatically reduces its binding with Munc18-3 (46) . Mechanistically, we suggest that these two binding modes work together in chaperoning the cognate syntaxins in both neuronal and immune cell exocytosis; however, the relative contributions of these two binding modes vary depending on cell types.
Although there is a positive correlation between the syntaxin-11 level and the degranulation level in our Munc18 KD RBL-2H3 cells, as well as their rescued cells (Figs. 1-4) , the striking impairment of degranulation by Munc18 KD in mast cells is not accounted entirely by the reductions in syntaxin-11 level. For example, syntaxin-11 KD alone does not cause severe defects in degranulation (Fig. S3) . Thus, Munc18 plays crucial roles other than the regulation of syntaxin-11, which may include the regulation of other syntaxins, such as syntaxin-7 (Fig. 2) , and the direct stimulation/priming of SNARE-mediated fusion of lysosomal granules (22) . Our results suggest that the hydrophobic pocket region is likely involved in these other crucial functions of Munc18 in immune cell exocytosis.
Materials and Methods
Parental pLKO-puro plasmid for lentivirus-mediated KD was purchased from Sigma-Aldrich. pLVX-IRES-puro plasmid for lentivirus-mediated Munc18-1 and Munc18-2 expression was purchased from Clontech Laboratories. psPAX2 was purchased from Addgene, and pMD.G was a kind gift from Tomoyuki Mashimo from the University of Texas Southwestern Medical Center at Dallas. We obtained mouse monoclonal antibodies against syntaxin-1A and syntaxin-1B (clone HPC-1) (47) from Sigma-Aldrich; Munc18-1 and syntaxin-8 from BD Biosciences; GAPDH (clone 6C5) from Millipore; EmGFP from Clontech Laboratories; rabbit polyclonal antibodies against syntaxins 2, 3, and 4 from Synaptic Systems; and syntaxins 7 and 11 from Proteintech. Rabbit anti-Munc18-2 antibody (48) was a kind gift from Vesa Olkkonen from the National Public Health Institute in Helsinki, Finland. More details are available in SI Materials and Methods.
